Development and characterization of rabbit proximal tubular epithelial cell lines  by Romero, Michael F. et al.
Kidney International, Vol. 42 (1992), pp. 1130—1144
Development and characterization of rabbit proximal tubular
epithelial cell lines
MICHAEL F. ROMERO,1 JANICE G. DOUGLAS, RICHARD L. ECKERT, ULRICH HOPFER,
and JAMES W. JACOBBERGER
Departments of Genetics, Physiology and Biophysics, and Medicine, Case Western Reserve University, School of Medicine, Cleveland, Ohio,
USA
Development and characterization of rabbit proximal tubular epithelial
cell lines. We have isolated rabbit kidney proximal tubular epithelial cell
lines, The selection was based on their ability to form confluent
monolayers on porous supports and to maintain receptor-mediated
signal transduction and ion transport, characteristic of the proximal
tubule. The isolation method consisted of several steps: (1) superficial
cortical proximal tubule segments were microdissected and cultured on
a matrix-coated porous support until cells formed a confluent mono-
layer; (2) primary cultures showing hormone-regulated ion transport
typical for the proximal tubule were selected and co-cultured with
irradiated fibroblasts; and (3) the epithelial cells surviving after several
passages were expanded and passaged on porous substrates. Most of
the cell lines developed in this manner were obtained by co-culture with
irradiated fibroblasts producing a recombinant retrovirus encoding
SV4O large T antigen and G418 resistance. However, SV4O T antigen
expression was not essential for immortalization, since neither T
antigen nor G418 resistance was detected in the isolated cell lines and
co-culture with non-producing 3T3 cells gave similar results. One cell
line (vEPT) has been characterized in some detail with respect to
morphological, biochemical, and ion transport properties. This line
forms confluent monolayers with apical microvilli, tight junctions, and
convolutions of the basolateral plasma membrane. Once confluent,
monolayers maintain conductances of 25 to 32 mS/cm2 for several
weeks in culture and possess phlorizin-sensitive short-circuit current
(Isc) in glucose containing media, indicative of apical Na-glucose
co-transport. vEPT cells also retain receptor and signaling mechanisms
for angiotensin II (Ang II). Apical and basal Ang II and 5,6-epoxy-
eicosatrienoic acid (5,6-EET) modulate the lsc in a manner similar to
primary cultures. The cell lines share with primary cultures expression
of the cytokeratins K8, Kl0/K1 1, and K19 ("nomenclature" [211). They
also retain several receptor and signal transduction mechanisms. For
example, Ang II, arachidonate, bradykinin, 5,6-EET, parathyroid hor-
mone (residues 1 through 34), and purine nucleotides increase cytosolic
Ca2, PTH elevates cAMP levels, and Ang 11 enhances proximal
tubule-specific arachidonic acid metabolism.
The renal nephron is a segmented structure supporting a
simple epithelium with unique, segment-specific electrolyte
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transport systems and regulation. Several renal cells lines are
used as in vitro models to study kidney epithelial cell function.
Among these are A6, MDCK, LLC-PK1, OK, and JTC-12
derived from the frog, dog, pig, opossum, and monkey, respec-
tively [I]. While these lines have been invaluable for many
studies, their use is limited in studies of segment-specific
functions because either the segment of origin is unknown or
characteristics of more than one tubular segment are exhibited.
For example, MDCK cells are commonly used as a model for
distal tubular cells; however, these cells show pronounced
brush borders and hydrolase activities characteristic for the
proximal tubule [2—4]. Conversely, LLC-PKI cells are gener-
ally considered a model for the proximal tubule cell type
because they possess, for example, Nat-glucose co-transport,
but their electrolyte and fluid transport is regulated by salmon
calcitonin and ADH [1], which is typical for distal nephron
segments.
An alternative to established cell lines is the use of primary
cell cultures. A number of techniques have been used with
kidney to obtain purified, segment-specific epithelial cells or
nephron segments, such as differential centrifugation, immuno-
dissection, and microdissection. These purified cells have been
expanded as primary cultures, and many have been shown to
have properties similar to those of the segment of origin [1].
However, the disadvantages of primary cells are often dediffer-
entiation with further passage and inability to obtain sufficient
quantities of cells from a specific nephron segment of interest.
Recent advances in epithelial cell culture [5—8] and immor-
talization of cells [9] provide opportunities to overcome the
limitations of the previous approaches by the generation of new
cell lines from primary cultures. We have combined primary
culture of microdissected proximal tubule segments [10, lii on
porous supports [5—7] with selection of hormonally responsive
cultures for immortalization. We were successful in promoting
spontaneous immortalization of rabbit proximal tubule cells by
continuous passage on feeder layers [121, and report here
results with epithelial cell lines derived from rabbit SI proximal
tubules. These cell lines were selected based on their ability to
form confluent, electrically resistant monolayers on porous
supports and to retain electrolyte transport characteristics of
the proximal tubule. They have been propagated in culture for
over two years.
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Methods
Cell culture of primary cells
Proximal convoluted tubules (PCT, Si tubuleepithelia) were
microdissected from superficial cortical slices of rabbit kidneys
[10, 11] and cultured on porous membrane supports (Milli-
pore-CM inserts) coated with ethicon, a collagen dispersion.
Tissues and primary cells were cultured in rabbit tubular
epithelial media (RTE) at 37°C in a 5% CO2 humidified atmo-
sphere. RTE medium consists of Dulbecco's modified Eagle's
(DME) and Ham's F-12 media (1:1) supplemented with 15 mM
HEPES, 1.2 mg/mi NaHCO3, 192 lU/mi penicillin, 200 tg/ml
streptomycin, 50 flM hydrocortisone, and 5% heat inactivated
fetal bovine serum. Cell lines (vEPT, EPT) were cultured in 9%
CO2. All cultures were fed every two to three days.
Cell line derivation
PCT cultures with greater than a 25% increase of unidirec-
tional apical-to-basal sodium flux after stimulation with 10 M
basal Ang II [13] were used to generate cell lines. Cells from
these filters were dissociated with trypsin-EDTA (0.25%
trypsin, 1 msi EDTA in Hank's balanced salt solution without
calcium or magnesium), resuspended in serum containing me-
dium, then dispersed into 10 cm culture dishes containing
monolayers of lethally irradiated 3T3 or PA317-SV4O-6 cells.
The latter is an amphotropic producer line for Moloney murine
leukemia virus which had been infected with a replication-
defective retrovirus construct containing the genes for neomy-
cm phosphotransferase and SV4O large T antigen under the
control of a common promoter. The PA137-5V40-6 cell line had
originally been generated by infecting PA317 cells [15] with
ecotropic virus produced by SV4O-6 cells [16], provided by P.J.
Jat and P.A. Sharp (Massachusetts Institute of Technology,
Cambridge, Massachusetts, USA). Cell lines generated from
the early proximal tubule (Sl segment) are called vEPT and
EPT, depending on exposure or lack of exposure to retrovirus,
respectively.
After several passages, cells were transferred to uncoated
plates and subsequently grown on porous supports. The porous
supports used in these studies were the Anocell and Milli-
cell-CM filters coated with rat tail collagen, ethicon, or poly-L-
lysine.
Culture of cell lines
Filter cultures of EPT or vEPT cells were typically passaged
every two weeks by trypsinization with a split ratio of 1:6 after
reaching confluence. Cells were resuspended in RTE media +
5% serum, and plated onto new, coated filters, and not dis-
turbed for 24 to 48 hours. Under these conditions, filter plating
efficiency reached 80 to 90%, and vEPT filter cultures became
confluent within five to seven days.
Nomenclature for cell lines
The vEPT cell line has been sub-cultured on different filter
and matrix types and thus maintained as separate sublines.
Because different experiments were conducted with each type,
the type of matrix material, indicating the sub-line used, is
denoted in figure legends. Subscripts "a" and "m" indicate
Anocell and Millipore-CM filters, respectively, while
"PL", "Col", and "eth" are used for plain (uncoated), poly-
L-lysine, rat tail collagen, and ethicon, respectively.
Direct retroviral infection of vEPT cell line
vEPT cells growing on porous substrates were exposed for
1.5 hours to medium containing a Moloney murine sarcoma
virus construct plus 4 g/ml polybrene. This procedure was
repeated three times. The specific virus construct, LKR 101 tkT
[17, 18], contained the same two genes as above, that is,
neomycin phosphotransferase and SV4O large T antigen, but a
different promoter. Twenty-four hours after virus exposure
cells were selected for G418-resistance, and thus virus infec-
tion, by the continuous inclusion of G418 in the medium. The
virus-containing medium for infection was prepared as de-
scribed [19].
Gene transfer validation
Neomycin resistance was measured by culturing cells in 500
pg/ml G4l8 for one week. This is sufficient to kill 100% of the
cells in primary cultures. T antigen expression was measured by
flow cytometric evaluation of fixed cells stained with fluores-
cent antibodies by previously published methods [20—22].
Filter coating
Coating with collagen was accomplished by overlaying filters
with a dilute solution of sterile rat tail collagen. Collagen was
isolated from rat tails according to Yang and Nandi [23] and
then diluted 1:2 with saline. One hundred microliters of the
collagen suspension was sufficient to cover the filter with a film.
Coated filters were air dried in a sterile culture hood.
Poly-L-lysine coating was with an aqueous solution of 50
jxg/ml (molecular wt> 10 kD). Small filters (Anocell = 0.5 cm2;
Millicell-CM = 0.6 cm2) were coated with 0.2 to 0.4 ml of the
poly-L-lysine solution, while large filters (Anocell = 4.9 cm2;
Millicell-CM = 7.1 cm2) were coated with 2 ml at 37°C for 4 to
12 hours in a humidified atmosphere. Excess solution was
removed after 4 to 12 hours, and filters were allowed to dry in
the incubator until needed or were stored at room temperature
under ambient conditions.
Ethicon was diluted 1:5 with 60% ethanol and warmed to
42°C to facilitate even mixing. Prior to coating, this dispersion
was heated with a gas flame and mixed by repeated pipetting.
Small filters were coated with 75 pi and large filters with 330 p1
of the diluted ethicon. The ethicon/ethanol mixture was rapidly
distributed (<1 sec) over the entire filter to obtain an even
coverage.
Electron microscopy
Filter cultures of vEPT cells were washed with phosphate
buffered saline (PBS) and then fixed with gluteraldehyde in a
step-wise fashion. Cells were first fixed with 0.75% gluteralde-
hyde in PBS at 37°C for 15 minutes followed by fixation with
2.5% gluteraldehyde in PBS for 15 minutes at room tempera-
ture. Fixed samples were stored at 4°C in 2.5% gluteraldehyde-
PBS. Next, samples were post-fixed with 0s04, dehydrated,
and then embedded in a firm Polybed 812 mix. Samples were
polymerized at 65°C. Samples of vEPT filter cultures were thin
sectioned and examined with a Jeol IOOCX transmission elec-
tron microscope.
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Cytokeratin profiles
Cytokeratin expression was evaluated as described by Gor-
odeski et al [24]. Briefly, vEPT cells and primary PCT cultures
were labeled by incubation in DME containing 10% of the
normal L-methionine concentration (that is, 1.7 g/m1) plus 13
pCi/filter (= 50 pCi/mi) 35S-L-methionine for 16 to 24 hours.
Cells were lysed with 1% Triton-X100 and non-cytoskeletal
proteins were extracted with high salt. The cytoskeleton was
scraped from the filters and then solubilized and fractionated by
two dimensional gel electrophoresis according to O'Farrell et at
[25]. The 2-D gels were visualized by fluorographically en-
hanced autoradiography. Cytokeratin assignments were made
by comparison of autoradiograms to the previously published
cytokeratin catalog of Molt and associates [26].
Fura-2 loading and cytosolic Ca2 measurement
Regulation of cytosolic Ca2 by hormones was carried out on
dissociated cells in suspension. Cells were loaded with Fura-2
to measure cytosolic Ca2 . The suspension medium for these
studies was basic salt solution (BSS) which consisted of 120mM
NaCI, 5 mit KCI, 1 mrvi MgCl,, 1.5 mrvi CaC12, 25 mrvi HEPES,
and NaOH to give a pH of 7.4, 10 mivi a-glucose, and 0.1%
(wt/vol) bovine serum albumin (essentially fatty acid free). Cells
were then removed from filters by trypsin-EDTA; the trypsin
inactivated with serum-containing RTE; and the cells were
washed three times with BSS solution to remove all media and
serum. Cells were then incubated with 2 pM fura-2-acetoxy-
methylester (fura-2/AM) for 60 minutes at 4°C, maintained at
37°C for another 15 to 20 minutes in BSS to permit hydrolysis of
the esters, and finally washed twice with BSS. Fura-2 fluores-
cence was monitored using a filter fluorimeter (Johnson Foun-
dation Biomedical Instrumentation Group, Philadelphia, Penn-
sylvania, USA) with excitation at 339 nm and emission at 500
nm [27]. Cuvettes were maintained at 37°C and cells kept in
suspension by constant stirring. Agonists were added from
concentrated stock solutions (500 to 1000-fold). Calibration of
the fluorescence was achieved by measuring maximum and
minimum fluorescence as previously reported [27, 28]. Briefly,
cells were permeabilized with 20 tg/ml digitonin for maximum
Ca2 and fluorescence (Fmax) and followed by chelation of
extracellular Ca2 with 10 m EGTA and alkalinization with 70
mM Tris HCI, pH 10.5, to give minimum Ca2 and fluorescence
(Fmin).
cAMP measurements
vEPT cells were grown to confluence on either small Anocell
or Millicell-CM filters (see above). The RTE media with serum
was removed, filters washed once with RTE media + 250 /xM
isobutylmethylxanthine (IBMX) + 1% BSA (fatty acid free),
and then incubated in this RTE + IBMX + BSA solution. Cells
were exposed to agonist for 20 minutes. PTH and Ang II were
applied in only the basal solution, while forskolin was applied in
both the apical and basal solutions. Apical and basolateral
solutions were removed, and cAMP extracted from cells with
250 p1 of cold 0.1 N HCI (30 mm at room temperature) [29, 301.
HC1 extracts were assayed for cAMP by radioimmunoassay
[29, 30]. The cellular residue on filters was solubilized with 250
1.d 0.1 N NaOH, removed, and protein in these NaOH samples
determined with a bicinchoninic acid (BCA) protein assay kit.
Arachidonic acid metabolism
Analysis of arachidonic acid and its metabolites from Ang II
stimulated cells was performed as previously reported [14, 311.
Confluent primary PCT or vEPT cells on filter supports were
incubated with 1.5 M arachidonic acid and 2 x 106 cpm
['4C]-arachidonic acid (1 Ci/mmole) for four hours in RTE
media + 0.1% BSA (wt/vol), but without serum, at 37°C and 5%
CO2. The apical side of the filters was then exposed to either 10
flM Ang II in RTE media 0.1% BSA or RTE media + 0.1%
BSA for 10 minutes at room temperature; the basolateral
solution was always RTE media + 0.1% BSA. Cells were
disrupted with three 1.0 ml washes of 15% ethanol, 1 mM
triphenylphosphine, and 50 mri HEPES pH-adjusted to 4.5 with
glacial acetic acid. Cultures were scraped from the filter with a
rubber policeman. The scrapings were extracted twice with 3.0
ml each of ethyl acetate (HPLC-grade). The ethyl acetate
extracts were combined with the ethanol washes, vortexed for
five seconds, and centrifuged at 2500 x g for five minutes. The
ethyl acetate layer was removed and dried under argon. Dried
samples were reconstituted in 30 p1 ethanol (HPLC-grade) and
injected immediately into a Beckman System Gold HPLC.
Labeled products of arachidonic acid were resolved by re-
versed phase HPLC on a /.LBondapak C18 column by elution
with a linear gradient of acetonitrile:water from 1:1 to 1:0 and
constant 0.1% acetic acid [32].
22Na flux experiments on primary PCT cells
The method for unidirectional 22Na flux is detailed elsewhere
[14]. Briefly, confluent monolayers on small filters were incu-
bated in an upright position with DMEM + 0.1% BSA + 250 LM
IBMX on both sides of the monolayer. The apical (upper)
compartment (400 p1) contained 22Na (---400 nCi). The basal
solution (I ml, lower compartment) was replaced at 10 minute
intervals and its 22Na content measured with a gamma-counter.
In addition, a 10 p1 aliquot was withdrawn from the apical
compartment at each 10 minute time point and counted to
determine the specific activity (counts/volume) of the apical
solution. The unidirectional, apical-to-basal Na-flux was calcu-
lated from the amount of radiolabeled Na that entered the basal
solution within each 10 minute interval and the 22Na specific
activity of the apical compartment. Flux experiments were
performed aseptically and the PCT monolayers returned for
continued culture in RTE medium. In this way, multiple exper-
iments could be carried out with the same cells.
The unidirectional Na flux was first measured during a
50-minute equilibration period, then 10 M Ang II was added to
the basal side and the Na flux measured for an additional period
of up to 60 minutes. The values for Na flux after addition of Ang
II were compared to the one immediately preceding addition of
Ang II and expressed as percent change.
Electrical conductance and electrophysiology
The electrical conductance (Gm in mS/cm2) of visually con-
fluent epithelial monolayers on fitter inserts was measured
under sterile conditions using the Millicell-Electrical Resistance
System. This device measures the potential changes in response
to small current pulses that are recorded as resistance. Mono-
layer specific conductance (Gm) was calculated as: 1/[(mono-
layer resistance) — (blank filter resistance)/(filter area)].
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For detailed electrophysiology experiments, filters were
placed in a modified Ussing chamber designed by Analytical
Bioinstrumentation (Cleveland, Ohio, USA). The chamber in-
cludes a conventional 4-electrode system for measuring trans-
epithelial conductance, potential, and short-circuit current.
These three electrical parameters were measured on-line with a
voltage clamp module (model 558C-5) and simultaneously re-
corded on a strip-chart recorder and the hard disk of an IBM
compatible 286 computer using CODAS hard- and software.
The chamber was continuously perfused in both the luminal and
basal compartments. For these electrical measurements, a
HCO3-buffered Ringer solution plus 0.1% BSA (essentially fatty
acid free) was employed as basic perfusion medium. The Ringer
solution consisted of 114 mi NaCI, 4 mi KC1, 1.5 mtvi MgCl2,
1.0 mM CaCl2, 28 m NaHCO3, 25 mrs D-glucose, and 0.1%
(wt/vol) BSA. Measurements were carried out in a controlled,
humidified atmosphere of 5% CO2 and at 37°C. All solutions
containing HCO3-buffers were bubbled with water-saturated
5% CO2. 95% 02.
Materials
Antibodies
The antibodies used were: FITC-labeled LP34 from DAKO
Patts, Denmark; PAB 416, Oncogene Science, Mineola, New
York, USA.
Chemicals
The chemicals used were: 5,6-EET from CalBiochem, San
Diego, California, USA; acetonitrile UV (HPLC grade), Baxter
Healthcare Corp., McGraw Park, Illinois, USA; ADH and Ang
II from US Biochemical, Cleveland, Ohio, USA; bicinchoninic
acid (BCA) protein assay kit from Pierce, Rockford, Illinois,
USA; DME, fetal calf serum, G418 (geneticin), and Ham's F-12
from Gibco, Grand Island, New York, USA; ethicon from
Ethicon, Inc., Princeton, New Jersey, USA; ethyl acetate
(HPLC grade), Fisher Scientific, Pittsburgh, Pennsylvania,
USA; fura-2/AM from Molecular Probes, Inc., Eugene, Ore-
gon, USA; bradykinin, forskolin, HEPES, hydrocortisone,
IBMX, parathyroid hormone (residues I through 34), penicillin,
phlorizin, poly-L-lysine, NaHCO3, and streptomycin, from
Sigma Chemical Co., St. Louis, Missouri, USA; [35S]-L-methi-
onine and ['4C]-arachidonic acid from NEN Research Products,
Boston, Massachusetts, USA; Polybed 812 from Polysciences,
Warrington, Pennsylvania, USA; polybrene (hexadimethnne
bromide), Aldrich Chemical Co., Milwaukee, Wisconsin, USA.
Equipment
The equipment used was as follows: Anocell from Wheaton
Scientific, Millville, New Jersey, USA; Beckman System Gold
HPLC, Beckman Instruments, Inc., Fullerton, California,
USA; Bondapak C18 column, Millicell-CM filters, and Milli-
cell-Electrical Resistance System from Millipore Corp., Bed-
ford, Massachusetts, USA; CODAS hard- and software from
DataQ Instruments, Akron, Ohio, USA; modified Ussing cham-
ber designed by Analytical Bioinstrumentation Cleveland,
Cleveland, Ohio, USA; voltage clamp module (model 558C-5)
Bioengineering, University of Iowa, Iowa City, Iowa, USA.
Results
Cell line isolation
Strategy. The goal of this study was to isolate epithelial cell
lines from the proximal renal tubule that would form confluent
monolayers on porous supports and retain proximal tubule
transport functions. Therefore, the general strategy was to start
with microdissected tubules, expand each tubule in primary
culture on porous support to a confluent monolayer [10, 11],
screen such monolayers for regulation of electrolyte transport
by a hormone of interest, and select responsive monolayers for
immortalization. We were specifically interested in Ang II
regulation of proximal tubule electrolyte transport and selected
the Si segment for our experiments because it has the highest
density of Ang II receptors in the proximal tubule [33]. Hor-
mone responsiveness was measured as effect of Ang II on the
unidirectional, apical-to-basal Na fluxes. The immortalization
protocol took advantage of the beneficial effect of embryo
fibroblast co-cultures (feeder layers) on longevity and mainte-
nance of differentiated features of epithelial cells [12]. Attempts
were also made to exploit the immortalization potential of
retrovirus-mediated transfer of immortalizing genes [16].
Primary cell cultures. Figure 1A illustrates an Sl segment
that was microdissected and cultured on ethicon-coated porous
membrane. Cells migrated out from the tissue, started to grow
and divide (Fig. IB), and eventually covered the complete filter
(area: 0.6 cm2, Fig. IC). These primary PCT monolayers had
conductances of less than 25 mS/cm2. Starting from single 1 to
2 mm segment, confluence was achieved after two to four
weeks in culture. The success rate was variable between
animals with formation of monolayers occurring in 0 to 80% of
the plated tubules. On average, about 30% of the attempts were
successful in terms of confluent monolayers suitable for trans-
port studies. Of this 30%, about half responded to Ang 11(100
out of 190 monolayers tested) with increased apical-to-basal
Na transport of at least 25% [31]. Monolayers from these
"responders" were selected for immortalization.
Cell line isolation and adaptation to porous supports. Several
attempts were made to generate immortalized cell lines with or
without exposure to replication-defective Moloney murine leu-
kemia virus containing the oncogene SV4O large T antigen.
These attempts were successful but independent of SV4O large
T antigen production. The major contribution to the success
was apparently from co-culture of the epithelial cells with
fibroblasts (feeder layers). Therefore, only the general proce-
dure of co-culture and cell line selection is described in detail,
although a description of procedures involving virus-producing
feeder layers is given in the Methods. The cell lines produced
are called vEPT and EPT, depending on whether they had or
had not exposure to virus-producing feeder layers, respec-
tively.
When the primary cells were passaged and continued to be
cultured in the presence of non-proliferating (irradiated) fibro-
blast feeder layers, the epithelial cells proliferated and formed
monolayers that pushed the feeder layers aside (Fig, 2A). The
fibroblasts eventually sloughed off from the culture plates. The
epithelial cells appeared visually homogeneous. After four to
six passages on feeder layers, PCT epithelial cultures were
continued without feeder layers. By light microscopy, the cells
formed monolayers and had the typical cobblestone appearance
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Table 1. Conductance of proximal tubular epithelial cell lines
Conductance
Cell linea mS/cm2 N
VEPTaPL 16.4 1.1 39
VEPTm.ethB 26.3 4.8 21
VEPTa.p
VEPTac01
EPTb
32.3 1.6
29.9 0.7
25.0 1.3
12
3
12
Conductance was calculated from resistance measurements with a
Millicell-ERS instrument (Methods). Values are expressed as mean
SEM. N = number of filters.
Subscripts refer to sub-lines of vEPT cells propagated exclusively
on different substrates. Abbreviations are: a-PL, Anocell coated with
poly-L-lysine; m-ethB, Millicell-CM coated with ethicon; a-p. Anocell
without coating; a-Col, Anocell coated with rat tail collagen.
b EPT is another line expanded on 3T3 feeder layers, not PA3 17-
SV4O-6 cells
Fig. 1. Outgrowth of microdissected primary cultures of PCT. A. PCT
segments (SI) on Millicell-CM filter. B. Outgrowth of epithelial cells
from PCT tubule segment (arrow). C. Confluent monolayer of PCT
epithelial cells with microdissected tubule remnant (arrowheads). Bar =
100 m.
of epithelial cell monolayers. The cells formed domes on
conventional tissue culture plates (Fig. 2B), indicating the
ability to form tight junctions and actively transport electrolytes
from the medium to the basal side of the cell.
Since transport experiments require access to both apical and
basal surfaces, these epithelial cells were then passaged for
growth on porous membranes. However, at this point, they did
not form confluent monolayers. The monolayer contained small
areas or "holes" that were not filled by continued cell growth,
regardless of the length of time in culture (Fig. 2C).
This inability to organize as a large-scale epithelium on filters
could be due to cell heterogeneity favored by the previous
culture on solid supports which puts differentiated epithelial
cells at a disadvantage because of limited nutrient transport
across the apical plasma membrane and detachment of cells
from the substratum (such as, in domes). The problem of
"holes" on filter cultures was resolved by repeat passages onto
filters, which allows access to nutrients of the basal medium and
dissipates pressure due to transported fluid. In a series of
experiments, the effects of different filter types and coatings
were explored. Cells were seeded on inorganic (Anocell) or
teflon membrane filters (Millipore-CM) with or without coatings
(Methods). Uncoated, poly-L-ly sine-coated, or collagen-coated
Anocell filters as well as ethicon- or collagen-coated Milli-
pore-CM filters were capable of supporting cell growth. Con-
fluent monolayers (Fig. 2D and E) with low conductances
(Table I) developed spontaneously after two to four passages
on these porous filters.
Parental vEPT cells were isolated in 1989 after co-culture
with PA3 17-S V40-6 cells that produced a replication-defective
Moloney murine leukemia virus containing the genes for neo-
mycin phosphotransferase and SV40 large T antigen. They had
been maintained continuously in culture on plastic for more
than a year (approximately 30 passages) prior to filter adapta-
tion. The filter-adapted cells that form confluent monolayers
have since been continuously propagated as filter cultures (15 to
20 passages) without an apparent change in appearance or
properties. Light microscope pictures for two sub-lines are
shown in Figure 2D and E. EPT cells were isolated after
co-culture with 3T3 fibroblasts, that is, non-producer lines, and
adapted to filter cultures. These cells have been passaged 15
times over a two year period and have also been shown to form
electrically resistant monolayers (Table I).
The ability to achieve total passage numbers of up to 50 with
vEPT cells while retaining differentiated features suggests that
we generated a cell line. In contrast, primary PCT cultures in
,
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Fig. 2. Light microscopy of vEPT cells. A. vEPT on feeder layers. B. Dome formation of vEPT cell layers on plastic. C. First-passage vEPT on
Anocell Filter. D. Confluent monolayer of vEPT propagated on poly-L-lysine coated Anocell filter. E. Confluent monolayer of vEPT propagated
on ethicon coated Millicell-CM filter. Arrows indicate areas of "blank" Anocell filter avoided by cells; 'd" indicates transport domes in epithelial
cell layer; "e" indicates epithelial colonies on feeder layers. For A, B, D, E: bar = 100 m; for C: bar = 250 lm.
the absence of feeder layers could only be passaged for one or
two times under our conditions. Attempts to propagate primary
PCT cultures on both tissue culture plastic or coated filters were
unsuccessful. Passaged PCT cells rarely formed visually con-
fluent monolayers and did not proliferate if passaged a second
time. Even the rare, visually confluent monolayers of passaged
PCT cells on filters did not achieve levels of resistance neces-
sary for transport experiments.
Infection with Moloney murine leukemia or sarcoma virus
and SV4O large T antigen expression
The first attempts to immortalize PCT cells were made with
the assumption that transfer of the oncogene, SV4O large T
antigen, was essential. The vEPT line was generated after
co-culture with producer cells shedding a replication-defective
Moloney murine leukemia virus containing the genes for SV4O
large T antigen and neomycin phosphotransferase (which con-
fers G418 resistance) under the control of a common promoter.
This method has been used successfully by many laboratories
to generate cell lines from a number of diverse tissues. Al-
though G418 selection can be used to select for infected cells, it
is generally not necessary, since senescence itself eliminates
non-infected cells. Therefore, G418 was not applied in the case
of vEPT cells and infection was assumed based on lack of cell
senescence.
To test specifically for viral integration and expression, vEPT
cells were assayed for T antigen expression and for G418
resistance. Levels of SV4O large T antigen were measured by
specific immunofluorescence and flow cytometry. However, no
immunofluorescence could be detected, indicating absence of
cc: c;•
: •44% .k
'' I-
1136 Romero et a!: Proximal tubular epithelial cell lines
large T antigen. This lack of T antigen expression was not a
problem of sensitivity because in other cells tested, such as 3T3
cells, primary mouse fibroblasts, rat and mouse astrocytes, and
human tracheal epithelial cells, this same retroviral construct
conferred T antigen expression and specific fluorescence was 10
to 40 times above background [30, 31, unpublished results J.W.
Jacobberger]. To check for G418 resistance, vEPT cells were
grown in the presence of 500 tg/ml G4l8 for one week. Cell
proliferation was completely inhibited, and cell death was
greater than 95%. Both types of results indicate that the vEPT
cell line must have been generated by spontaneous immortal-
ization rather than gene transfer. This conclusion is also sup-
ported by our ability to generate the cell line EPT without
exposure to transforming virus (see above). It appears that the
co-culture of the PCT cells with fibroblasts and the fibroblast
support of continued cell cycling provides sufficient opportuni-
ties for spontaneous immortalizations in the case of rabbit
proximal tubule.
The lack of expression of both SV4O large T antigen and G4l8
resistance can indicate that either: (1) rabbit cells cannot be
infected by the Moloney virus, (2) the viral titers of the
producers were too low so that the original population did not
become infected prior to deterioration of the feeder layer, or (3)
cells infected by the virus were at a selective disadvantage and
eventually were lost from the initial mixture of infected and
uninfected cells. To distinguish experimentally among these
hypotheses, subconfluent vEPT cells were exposed directly to a
high titer of Moloney sarcoma virus containing another repli-
cation-defective construct (termed LKR 101 tkT) encoding
SV4O large T antigen and neomycin resistance controlled by a
common thymidine kinase promoter [17, 18]. Cells underwent
three rounds of infection in the presence of polybrene. Infected
cells were selected by treatment with 500 .tg/ml 0418. This dose
is sufficient to kill cells without the neomycin phosphotransfer-
ase gene or to arrest their growth (see above). Thirty-eight
colonies were isolated2, expanded, and passaged. This result
indicates that rabbit kidney epithelial cells can be infected by
Moloney viruses. Moreover, it is likely that expression levels of
neomycin phosphotransferase and SV4O T antigen in infected,
G418-selected rabbit cells were similar to the ones from mouse,
because the same G418 concentration was effective for selec-
tion in both species, provided that the same vector was used for
infection. SV4O large T antigen expression is included because
its gene is under control by the same promoter as that respon-
sible for G418 resistance. If SV4O T antigen is expressed in the
surviving vEPT cells, it cannot be toxic to these cells.
Calculations of the infectivity of vEPT from the number of
isolated, G4l8-resistant colonies and the original cell numbers
indicate infection rates of less than 1%. This number is very low
in comparison to 5 to 50% for 3T3 cells under similar condi-
tions. This low infectivity of rabbit cells may be a factor as to
why no neomycin resistance or SV4O T antigen could be
detected in vEPT cells. Another explanation is provided by the
observation that the G418-resistant subclones grew slower than
non-infected vEPT cells when both lines were grown in normal
RTE media without G418.
2 Nine of these colonies were picked and grown as subclones. One of
these subclones has been propagated in 0418 containing media.
Characterization of vEPT cells
Ultrastructure. To characterize the morphology of vEPT
cells, confluent monolayers of vEPT propagated on different
substrates (Fig. 2 D and E) were fixed and processed for
electron microscopy. Figures 3 A and C show that these cells
form a single layer of polarized cells typical of simple epithelia.
Apical microvilli (Fig. 3 B and C) and tight junctions between
cells at the apical end of the intercellular spaces (Fig. 3 E and 0)
are evident as are basal and lateral interdigitations (Fig. 3 F and
H). These features are not all as fully developed as in proximal
tubules in vivo or in some primary culture systems [14, 34, 35],
but are similar to those of many other primary cultures [10, 11,
36] and are recently established cell lines [37, 38]. Abundant
mitochondria are present (Fig. 3), consistent with active metab-
olism and/or transporting activities.
Cytoskeleton. Epithelial cells can be distinguished from other
cell types by the expression of proteins from the cytokeratin
intermediate filament family. Furthermore, different epithelia
can be characterized on the basis of subsets of the cytokeratins
[26]. To test the epithelial origin of vEPT cells and to assess the
similarity of these cells to primary cells, cytokeratin expression
of primary PCT and two sub-lines of vEPT cells were analyzed
by two dimensional electrophoresis (Fig. 4). The cytokeratins
were identified by electrophoretic positions relative to actin and
vimentin [261. The doublet in the region of K7/K8 was desig-
nated as K8. K8 is normally co-expressed with Kl8 [26], and
K18 is present in primary PCT cells (Fig. 4A). vEPT and
primary PCT cells make K8, Kb/Ku, and Kl9 (Table 2, Fig.
4 B and C). vEPT differ from primary PCT cells by the absence
of Kl8. Both vEPT and primary PCT cells make vimentin in
addition to the above cytokeratins. While vimentin expression
was once considered a clear indicator for mesenchymal origin,
it has been established that many cultured epithelial cells can
express vimentin [39]. The more important diagnostic for epi-
thelial origin is the expression of cytokeratins, and in that
respect, the data are consistent with proximal tubular origin of
the vEPT cell line.
Intracellular calcium signaling. A number of hormones,
neurotransmitters, and autocrine regulatory agents are known
to influence proximal tubule functions by increasing cytosolic
Ca2 ([Ca2]). To assess the presence of signaling pathways for
regulation of cytosolic Ca2, the fura-2 method was used to
measure changes in [Ca2] in response to the following ago-
nists: angiotensin II (Ang II), antidiuretic hormone (ADH),
bradykinin (BK), parathyroid hormone (residues I through 34,
PTH), arachidonic acid (AA), 5,6-epoxyeicosatrienoic acid
(5,6-EET), ATP, and UTP. Cells were dissociated from the
filter, loaded with the Ca-indicator dye fura-2/AM, and [Ca2]1
was determined fluorometrically. vEPT cells exhibited in-
creases in [Ca2]1 in response to Ito 2 tM AA, 0.1 jsM ATP,
10 flM BK, 0.1 M PTH, I p.M 5,6-EET (Fig. 5), and 1 tIM UTP
(not shown), but not 0.1 jIM ADH (Fig. 5B). EPT cells had
similar responses (not shown).
AA and its epoxy-acid derivatives increase intracellular Ca2
in cultured PCT cells [31, 40] with 5,6-EET being particularly
potent. vEPT cells retain the signaling pathways for epoxy
acids and AA. For example, addition of 1 p.M 5,6-EET to vEPT
cells increased [Ca2] to higher levels and for longer times than
10 nM BK (Fig. SF). This [Ca2 J increase is the result of Ca2
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Fig. 3. Electron microscopy of vEPT cells.
vEPT cells propagated on poly-L-lysine-coated
Anocell filter (A, B, E, F) and vEPT cells
propagated on ethicon coated Millicell-CM
filter (C, 0, C, H): A and C: Cross-sections of
vEPT cells (6000x). B and D illustrate
microvilli on the apical and intercellular
surfaces (6000x; l9,700x). E, G show tight
junctions and lateral spaces (34,800x;
34,000x). F and H illustrate basal membranes
next to filters (26,300x; 24,000x). Arrows
indicate tight junctions; "af' indicates
Anocell filter; "mf" indicates Millicell-CM
filter. Bar = I Mm.
release from intracellular stores and Ca2 influx across the
plasma membrane. The major contribution to the elevated
FCa2I1 appears to be from intracellular stores, as 5,6-EET
increased [Ca2] when cells were suspended in nominally
Ca2-free BSS (Fig. 5G) and the increase was only partially
reversed by 10 M nifedipine (Fig. 5F), an inhibitor of Ca2
channels. As expected for a cell surface Ca2-channel blocker,
nifedipine decreased [Ca2] in cells suspended in Ca2-con-
taming (Fig. SF), but not in nominally Ca2-free BSS. vEPT
cells also released Ca24 after stimulation with Ito 3 M AA; the
increases were smaller than those observed with 5,6-EET (Fig.
5 D and E).
PCT cells modulate [Ca2J1 in response to Ang II and PTH,
but not antidiuretic hormone (ADH) [28, 40—43]. The response
to these hormones, therefore, provides a good indication of the
proximal tubular nature of the candidate cell lines. The Ca2
response to PTH was small (Fig. 5A). Cells from some filters
did not respond to PTH, indicating that the PTH receptor or
pathway may be labile in vEPT cells. ADH never evoked a
[Ca2I1 response in vEPT cells (Fig. SB).
AA mediates the Ca2-response to Ang II in cultured PCT
cells [40]. The AA status of the PCT cells dictates the magni-
tude of this Ca2 -increase [40]. Ca2-signaling in vEPT cells is
more tightly coupled than in short term cultures of PCT. This
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Table 2. Cytokeratins of proximal tubular epithelial cells
Cytokeratin Primary PCT
vEPT
a-PL m-ethB
Vimentin
K8
K10/K1l
K13
K18
Kl9
-I-+-f-
++
++
(+)
+++
+++
++
—
++
—
—
(+)
++
(+)
++
—
—
+
Tabulated expression patterns were obtained from 2-D gels (as shown
in Fig. 4) with at least two separate cytoskeleton preparations for each
cell type. The level of expression was visually scored as a scale of none
=
"—"; very low level (visible with > 4 week exposures) = "(+)"; low
level (visible with normal 5 day exposure) = +"; medium level =
"+ +"; and highest level (equivalent to actin) = "+ + +".
a-PL, Anocell coated with poly-L-lysine; m-ethB, Millicell-CM
coated with ethicon
Fig. 4. Gytokeratin profiles of cultured proximal tubular epithelial
cells. Non-cytoskeletal proteins were removed from filter cultures by
detergent/high salt extraction. Cytoskeletal proteins were then scraped
from filters and solubilized according to O'Farrell et al [20]. The first
dimension of electrophoresis was a non-equilibrium pH gradient (pH
3.5 to 10)/urea gel [20]. This was followed by a conventional 7.5%
SDS-PAGE gel for the second dimension of electrophoresis. Labeled
cytoskeletal proteins were visualized by autoradiography. Samples
were processed simultaneously so that direct comparison was possible.
A. Pooled primary PCT cells. B. vEPT cells from ethicon coated
Millicell-CM filter. C. vEPT cells from poly-L-lysine coated Anocell
filter. "a" is actin, 'v" is vimentin, and numbers are the cytokeratin
assignments based on the catalog of Moll et al [21]. Only those spots
clearly matching the above catalog were assigned keratin numbers.
Arrows show the non-equilibrium pH gradient (NEPHGE) and dena-
turing (sodium dodecyl sulfate; SDS) gel electrophoresis dimensions.
more stringent coupling is evidenced by the requirement of
pretreatment of cells with AA in order for Ang II to effect an
increase in [Ca2] (compare Fig. 5 D and E). It is likely that
vEPT cells have lower AA levels than primary cells, which
would explain the complete requirement for AA pretreatment.
cAMP signaling. Proximal tubule cells have membrane
bound adenylate cyclase (AC) coupled to several receptor
systems, including Ang II and PTH [44]. The basal and recep-
tor-mediated levels of cAMP production were examined using
confluent monolayers of vEPT cells. Table 3 shows the results
of this study. As expected forskolin is a potent stimulant of AC.
PTH treatment caused a 1.5 to 2-fold increase in cAMP accu-
mulation as compared to 10-fold for some primary cultures [10,
11, 34, 45] and 1.6-fold for others [35]. This increase is,
however, significant (P < 0.012) and thus represents receptor
mediated signaling.
Arachidonic acid metabolism. The proximal tubule of the
rabbit kidney metabolizes arachidonic acid by a cytochrome
P450 enzyme [14, 46—48] and not by cyclooxygenase and
lipoxygenase [49, 50]. Previously we found a characteristic
reverse phase HPLC elution profile of arachidonate metabolism
in primary PCT cultures [31, 47] illustrated in Figure 6A. The
effect of apical Ang II is thought to involve the activation of
phospholipase A2 and release of AA which can then be metab-
olized enhancing the 27 minute peak. vEPT cells maintained
this HPLC profile (Fig. 6B). In both primary PCT and vEPT
cells, little or no metabolite derivatives were observed in the
polar regions of the reverse phase HPLC, that is, at early
retention times (0 to 7 minutes), where cyclooxygenase and
lipoxygenase metabolites of AA are found. EPT cells responded
in a similar manner as vEPT cells (not shown).
Ion transport. One of the major characteristics of epithelial
cells is their ability to vectorially transport ions across the cell
layer; different epithelia can be distinguished by the nature of
this transport (such as, for the kidney [51]). To characterize
functionally and compare vEPT cells to primary PCT cells, we
measured the short-circuit current (Isc) generated by the epi-
thelium, that is, the net charge transport due to transepithelial
ion movements. Table I indicates that vEPT monolayers are
sufficiently tight in terms of electrical resistance to allow this
type of experiment. Even under perfusion conditions, Gm and
Isc are maintained (Table 4). Modulation of Isc by hormones
and other agents provides convenient criteria for distinction
among different epithelial cell types.
Basal electric properties of vEPT cells. Visually confluent
cultures of vEPT cells on Anocell filters were mounted in a
modified Ussing chamber and constantly perfused on both sides
ATP BK Dig
Fig. S. Effects of peptide hormones and agonists on cytosolic CO? in vEPT cells. All traces include stimulation with 10 nM bradykinin (BK) as
an internal standard, Fm,,,, after digitonin (Dig), and Fmj,, after 70 mri Tris HCI and 10 mst EGTA. A. 0.1 iLM PTH (residues 1 through 34). B. 0.1
iLM ADH. C. 0.1 tM ATP. D. 1 /LM Ang II followed by 3 LM AA. E. 3 sM AA followed by I LM Ang 11. F. Normal Ca2 BSS, 0.5 M 5,6-EET
followed by 10 /.LM nifedipine (Nit). G. Low Ca2 BSS, 0.5 M 5,6-FET followed by 10 tM Nif. Traces are representative of at least three different
cell preparations (different passages) for each treatment.
with a Ringer solution. Isc and Gm were measured under
voltage clamp conditions. As shown in Table 4, vEPT cells
were quite stable in terms of Gm, Isc, and transepithelial
potential. vEPT cells, like primary PCT [31, 34, 361, generate on
the average slightly lumen-negative potentials (range —0.5 to
+0.5 mV) and possess a Gm < 30 mS/cm2.
Electrogenic Na -glucose co-transport. Na1 -coupled glu-
cose transport (to resorb filtered glucose) is electrogenic and is
a functional characteristic of the proximal tubule [51]. To check
for the presence of electrogenic Na-glucose co-transport,
vEPT cells in normal Ringer solution with 25 mit D-glucose
were acutely exposed on their apical side to the glucose
transport inhibitor phlorizin (100 /.LM) [52—54]. Isc decreased
immediately to a value that remained stable as long as phlorizin
was perfused, but recovered after phlorizin was removed (Fig.
7A), indicating the presence of apical Na' -glucose co-trans-
porters. All vEPT filters tested had apical phlorizin-sensitive
Isc (Table 5).
[cAMP]
fmol/p.g protein/20 mm
Concentration aPLc m-ethB
Basal 16±3 3±1
Forskolin 5 218 l9 37 6
PTH (1—34) 1 M 25 4" 7 l
PTH and Ang II were applied in only the basal solution, while
forskolin was applied in both the apical and basal solutions. Values are
expressed as mean SEM from four filters for each treatment.
P < 0.002 compared to basal
b p < 0.012 compared to basal
a-PL, Anocell coated with poly-L-Iysine; m-ethB, Millicell-CM
coated with ethicon
Electrogenic ion transport. Most of transepithelial electrolyte
transport not connected to nutrient reabsorption in the proximal
tubule is electrically silent. However, agents regulating electro-
lyte transport often also effect changes in Isc, albeit of relatively
BA
D
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Low extracellular Ca2*
Table 3. cAMP accumulation in vEPT cells
Treatment
1140
a-0
x
"10
A Primary PCT
B vEPT (m-ethB)
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0
Fig. 6. Arachidonate metabolism. Cells were
labeled with '4C-arachidonic acid, stimulated
with apical 10 nM Ang II and arachidonic acid
metabolites extracted as detailed in the
Methods. Reverse phase HPLC profiles of the
extracts from primary PCT (A) and vEPT
cells from ethicon coated MilIicell-CM filter
(B) are shown.
low magnitude. These changes are easily discernible in Isc
traces and specificity can be established by reversibility when
the stimulating agent is removed. The value of such hormone-
dependent changes in Isc is that they provide evidence for
intact receptor and signaling pathways. Application of basal
Ang 11(100 pM) increased Isc in most filters (6 out of 8),
although two filters did not respond (Table 5). Apical Ang 11(50
nM) and apical 5,6-EET (1 M) elicited a decrease in Isc (Fig.
7B, Table 5), as observed previously in primary PCT monolay-
ers [31].
Discussion
The renal proximal tubule is the first site of amino acid,
nutrient, salt, and water resorption from the glomerular ultra-
filtrate and aids regulation of overall body electrolyte equilib-
rium. Even small changes in the set-points for resorption of
specific solutes, such as Nat, may be responsible for long-term
changes in homeostatic mechanisms. For example, a subgroup
of essential hypertension has been postulated to result from a
proximal tubule defect prompting both basic and clinically
based research.
Because the proximal tubule is an important tissue for overall
body functions, it has been intensely studied. During the last
decade renal cell lines with proximal tubular features (such as,
MDCK and LLC-PK1) have been used to investigate cellular
and subcellular functions. However, each of these cell lines has
been limited in usefulness as a model for the proximal tubule
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0 3.7 1.6 30 2 —0.13 0.06
10 1.7 2.0 30 2 —0.03 0.07
20 2.7 2.3 28 3 —0.01 0.09
30 3.0 2.5 27 2
-
—0.12 0.10
Values are mean SEM from eleven filters. Filters were mounted in
the modified Ussing chamber and perfused at about 0.5 mI/mm on both
apical and basal sides. Electrophysiological parameters were measured
continuously. vEPT cells were propagated on Anocell filters coated
with poly-L-lysine for these experiments.
because of phenotypic infidelity. Therefore, we attempted to
produce new, oncogene-immortalized cell lines from microdis-
sected primary cultures with the idea that this strategy would
maximize chances to obtain cells that maintain in vitro features
of the proximal tubule phenotype.
The most important result of our efforts is the demonstration
that a short nephron segment can be expanded in culture and
will spontaneously immortalize providing sufficient material for
biochemical and cell physiological studies of a specific cell type.
The selection criteria employed during cell line development
can influence the final product. In this case, we set up selection
criteria to obtain cell lines that: (I) initially grew on porous
support as visually confluent monolayers, (2) organized as an
epithelium as expressed by transepithelial resistance, and (3)
showed strong hormonal regulation of transepithelial ion trans-
port (in this case Ang II and Na transport) in the primary cells.
We considered these criteria to be the minimum for developing
ion-transporting epithelial lines.
The use of selection criteria had the beneficial side effect that
some of the isolated cell lines appear to be enriched for cells
producing the enzymes involved in Ang II regulation of Na
transport. For example, in response to Ang II, primary proxi-
mal tubule cells convert arachidonic acid (AA) to a relatively
non-polar compound that elutes around 27 minutes on reverse
phase HPLC columns (see Fig. 6). The chemical nature of this
compound has not been unambiguously determined although it
chromatographs similarly to 5,6-EET, and Omata and associ-
ates have confirmed EET generation in the proximal tubule
[48]. Interestingly, vEPT cells convert AA even more efficiently
to this metabolite than primary cells (Fig. 6), thus providing a
useful experimental system for elucidation of its chemical
identity, biochemistry, and physiology. Similarly, vEPT cells
exhibit larger Isc changes than primary cultures when chal-
lenged with apical and basal Ang II, 5,6-EET, or phlorizin
(Table 5), suggesting that the basis for these changes may be
more easily studied in this particular cell line than in primary
cultures.
Based on our experience, co-culture of renal proximal tubule
cells with 3T3 feeder layers can be considered an effective
means for generating continuous epithelial lines. The method
can be used directly with microdissected tubules or, as de-
scribed in this report, with cells expanded on a filter. The
success frequency is low, but reasonable. For example, with
this procedure of co-culture, epithelial cells, characterized by
their cobblestone appearance, grew successfully after two
passages in about half of the attempts, and long-term culture
— (>8 passages) was possible in approximately 10%. The unsuc-
mV cessful attempts were characterized by senescence of the cells.
This senescence occurred either at passage or during out-
growth.
Since it is beyond the scope of this report to explore all the
known phenotypes of the proximal tubule, it is unknown to
what extent vEPT cells may differ from primary PCT cultures
or in vivo PCT. From the studies here, vEPT cells have reduced
brush borders compared with in vivo tubules and some primary
cultures [34], but are similar in this respect to primary PCT cells
as grown in many laboratories [10, II, 35, 36], including our
own. The magnitude of cAMP responses to PTH is also not as
large as reported for some primary cultures [10, 11, 34, 45].
However, it is important to keep in mind that primary cells were
selected on the basis of the Ang II and not the PTH response.
No attempt was made to select for cells that amplify the PTH
signaling pathway. Even with the known differences, vEPT
cells will be a useful model of proximal tubule function and
signaling systems.
Our results also indicate that oncogene transfer is not essen-
tial for immortalization of rabbit cells. The development of cell
lines may have been enhanced by the fibroblast feeder layer
with continued epithelial growth increasing the chance of
spontaneous immortalization. Rabbit kidney epithelial cells are
similar to rat epithelial cells from many organs in this regard
[55].
Rabbit proximal tubule cells can be infected by amphotropic
Moloney murine retrovirus with expression of genes under the
control of the retroviral LTR promoter. Recently, two other
groups have reported immortalization of proximal tubule cells
with SV4O [37, 38]. Vandewalle and co-workers [37] isolated
three immortalized lines from the renal cortex. These lines were
subsequently characterized as proximal and distal tubule-like
by functional criteria. By contrast, Fauth and associates [38]
microdissected proximal straight tubules from the S2 region and
microinjected SV4O DNA into the nuclei of primary cultures
and demonstrated the proximal tubule nature of the resulting
cell lines by the presence of the organic cation transport
system. Thus, although spontaneous immortalization can be
achieved with rabbit PCT cells, T antigen mediated immortal-
ization works as well.
The rabbit proximal tubule cell lines isolated in this study
resemble primary cultures by morphological, biochemical, and
functional criteria. We have purposely emphasized transport
functions because of the importance of this segment in the
regulation of electrolyte balance. In this report, our approach
and criteria for cell selection have been more stringent than
those of previous reports on immortalized proximal tubular
epithelial cell lines [37, 38]. We have used receptor-mediated
electrolyte transport, a function of epithelia, as the selection
criterion for starting material. Our results indicate that many
properties specific to the proximal tubule both in vivo and in
vitro are retained in the vEPT cell lines, so that these lines
should prove to be excellent model systems for future investi-
gations of: (1) proximal tubule-specific cell biology/physiology,
(2) neuro-hormonal regulation of salt transport in this segment,
and (3) further genetic manipulation of the proximal tubule
phenotype.
Time
mm
Table 4. Basal electric properties of vEPT cell
Isc
pA/cm2
Gm
mS/cm2
Table 5. Comparison of Isc regulation in vEPT and primary PCT cells
Fig. 7. Short-circuit current responses of
vEPT cells. vEPT cells used for these studies
were on poly-L-lysine coated Anocell filters.
Heavy line (_) represents short-circuit
current (Isc) and thin line (_) represents
monolayer conductance (Gm). A. Inhibition of
Na-glucose co-transport by acute addition of
100 M phlorizin and its reversal after
washout. B. Effects of acute apical addition of
50 tiM Ang II and 1 /LM 5,6-EET and their
reversals after washout. Down arrows indicate
addition; up arrows indicate washout. (A)
indicates apical addition. A positive tsc is
defined as the direction of lumen-to-basal side
(equivalent to a lumen negative potential
under open-circuit conditions). The negative
baseline Isc in B was observed only in some
experiments (for range see Table 5), indicating
variable "unspecific" baseline fluxes of
electrolytes (such as K secretion).
Treatment
Application
vEPTa Primary PCTb
i isc
(isA/cm2) N
isc
(i.A/cm2) NConc. Side
Phlorizin 100 isM A —3.3 0.5c 12 —1.5 0.3 6
IBMX
Ang II
250 LM
50 nM
A + BL
A
0.2 1,5
—4.6 0.7c
6
12
2.7 0.7c
—2.3 0.7"
9
Ang II 100 M BL 2.9 0.5 6 0 0 11
5,6-EET 1 /SM A —3.1 0.7c 6 —1.7 1
Abbreviations are: A, apical; BL, basolateral; Isc, change in short-circuit current. A positive change indicates an increased lumen-to-basal
current. Data are mean SEM.
a Propagated on Anocell filters coated with poly-L-lysine
b Data from Romero et al (28]
P < 0.001 compared to 0 (that is, no change in Isc)
d P < 0.025
Two additional filters did not respond and were excluded from the average
Acknowledgments
This work was supported by NIH grants: HL41618 (JGD); DK27651;
HL41945 and CA43703 (JWJ). Michael F. Romero was supported by a
predoctoral fellowship from NIH (HL-07415). The authors thank sev-
eral people for their help and support with this study: Dr. Chapla
Agarwal for help with the cytokeratin experiments; Dr. George Dubyak
for use of the fluorimeter and help with the fura 2 experiments; Chris
Ehrhardt for technical help with the arachidonic acid metabolism
experiments; Margaret Finesilver for the microdissection of proximal
tubules; Sandy Hufeisen for help with cell culture maintenance; Joseph
Polack and Andrea Kiefer for their skill in processing Anocell filters for
electron microscopy; Brian Hoffman and Dr. Todd Sladek for helpful
discussions; and José Whittembury for design and construction of the
Romero et at: Proximal tubular epithelial cell lines
C,'
18 PHLZ(A)
16
4,
1142
C"
1
04
1
45
40
35
30
25
20)24 28 32 36 4
Time, minutes
C"
E
E
II0
C"
E
U)
E
II0
Time, minutes
Romero et a!: Proximal tubular epithelial cell lines 1143
modified Ussing chambers. The authors also thank Drs. Parmjit S. Jat
and Phillip A. Sharp for providing the SV4O-6 cells. Parts of this work
were presented at the Workshop on the Development of Cell Lines for
Hypertension Research, National Heart, Lung, and Blood Institute,
Washington, D.C., February 19—20, 1991, and at the 31st Annual
Meeting of American Society for Cell Biology, Boston, Massachusetts,
December 8—12, 1991.
Reprint requests to Ulrich Hopfer, M.D., Ph.D., Case Western
University, School of Medicine, Department of Physiology and Bio-
physics, Cleveland, Ohio 44106, USA.
Appendix. Abbreviations
5,6-EET, 5,6-epoxy-eicosatrienoic acid; AA, arachidonic acid; AC,
adenylate cyclase; ADH, antidiuretic hormone; Ang H, angiotensin 11;
BK, bradykinin; BSA, bovine serum albumin (fatty acid free); BSS,
basic salt solution; DME, Dulbecco's modified Eagle's medium; G4l8,
geneticin ; G, monolayerconductance (mS/cm2); HEPES, N-2-hydroxy-
ethylpiperazine-N'-2-ethanesulfonic acid; HPLC, high pressure liquid
chromatography; IBMX, isobutylmethylxanthine; Isc, short-circuit
current (sA/cm2); PBS, phosphate buffer saline; PCT, proximal convo-
luted tubule; PTH, parathyroid hormone (residues I through 34); RTE,
rabbit tubular epithelia media (for composition see Methods); SI,
segment I of the proximal tubule (0 to 2 mm): S2, segment 2 of the
proximal tubule; vEPT, virus exposed early proximal tubule cells;
vEPT1, vEPT cells adapted to grow on Anocell filters coated with
poly-L-lysine; VEPT,,thB, vEPT cells adapted to grow on Millicell-CM
filters coated with ethicon.
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